The Harvard Computer Fire Code Mark V has been used t o simulate full-scale Furniture fires. Simulations were run with onesofa burning in the open and another burning in a small room. To obtain better agreement between experiment and simulation, changes were made in tl~e code to include heating of the lower surfaces in the room. A simulation of a mattress test, conducted at NIB, is included. Comparison with a zone model using a different plume equation is also presented.
INTRODUCTION
Fire growth was studied in a ioint ~r o i e c t between Lund ~nstiiute ofTechnology and t<e ~we'dish National Testing Institute. The ultimate aim was to develop test methods for surface lining materials and furniture from which the behaviour of the material or product in a natural fire scenario can be predicted.' Reliable mathematical models are necessary tools when predicting fire behaviour from tests.
In 1982 a series of twelve full-scale furniture experiments was ~o n d u c t e d .~ These experiments were well instrumented, including, for example, rate of heat release measurements. A mock-up sofa, consisting of a standard PU foam and an acrylic fabric, was chosen as the prime object to be simulated in the work here reported because it was the only item that burned with an intensity level high enough to obtain significant feedback effects from the room to the specimen.
The intention was to use only the Harvard Mark V model for the ~i m u l a t i o n .~~~ This programme can simulate fires in a single room with several venting openings. Fire objects are allowed in the room with the possibility of one object igniting another. One advantage with the Harvard programme is that it is written in FORTRAN without using machine-dependent code.
The fires used at Harvard for testing the programme have been mainly the full-scale bedroom fires conducted at the Factory Mutual Research Corporation in 1973-5-' Rockett has used the programme to simulate the tests on mattresses made by B a b r a u s k a~.~.~ During the course of this work it was of interest to make some comparative runs with Rockett's simulations, again choosing a fire which reached a high rate of heat release.
SOFA EXPERIMENTS
release, heat fluxes, smoke production and analysis of the combustion products. The gas temperatures were measured with ther~nocouples of chromel-alumel with a diameter of 0.25 mm. The rate of heat release was determined by measuring oxygen consumption with an accuracy to within 10%. A full description of the instrumentation and of the measuring techniques is given in reference 2.
Of the twelve full-scale experiments, ten were performed inside the test compartment and two outside the room under the hood, which was constructed to collect all smoke and combustion products. The latter experiments were intended to give information about the feedback from the room.
The experiments selected for comparison are designated test 5 and test 12 in reference 2. The sofa was a full-size mock-up model with three seats, constructed of a metal frame with loose cushions as upholstery. The seat cushion was 0.65 x 1.8 x 0.12m3 and the back cushion 0.42 x 1.8 x 0.12m3. The seat was 0.3m from the floor at the front and 0.24m at the back. The filling material was a commonly available standard polyurethane foam with a density of 30kgm"nd the cover material was a textile of 100% acrylic fibres with a surface weight of 300gm-z.
The two reference tests were performed with two identical mock-up sofas. Test 5 was performed inside the room and test 12 outside. These two experiments where chosen as reference examples, as they release a suitable amount of energy for simulation with the Harvard Code. The series of full-scale experiments also contain two tests with two chairs. The distance between the chairs was varied in order to give some indication of when one burning chair was able to ignite a second chair. These experiments might also be used to study the ability of the Harvard Code to simulate ignition of a secondary object.
The series of full-scale experiments reported in reference 2 were conducted in a well-instrumented room with internal dimensions of 2.4 x 3.6m2 and a height of 2.4m. It had one opening, 0.8 x 2.0mZ, and the walls were made of lightweight concrete, 0.15111 thick.
The test compartment was instrumented for measurement of gas temperatures, mass burning rate, rate of heat
Simulation of the sofa burning in the open
The growing-fire routine in the Harvard programme describes a fire which is growing as a function of time. The pyrolysis rate and the growth rate are controlled by the heat flux reaching the surface. The fire has a rather abrupt end, which can lead to large-differences between 
experiments and simulations after maximum intensity has in a room large enough to avoid any feedback effects been reached. In the simulations here reported no attempt from the enclosure. The heptane burner was modelled was made to study the behaviour of the model after the with the pool-fire routine. For the simulation of the sofa maximum temperature was reached.
with the growing-fire routine four input data-the As a first step in the sofa-fire simulation the code was initial burning radius, the maximum burning radius, the run a number of times to find input data that simulate fire-spread parameter and the fraction of heat releasedthe burning behaviour of the sofa and the heptane burner can be varied to produce the desired fire-behaviour. The
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Moss loss role (kg151 best simulation of the mass loss rate and heat release during the experiment under the hood was achieved with the input data in Table 1 (objects 1 and 2). In this table all default values are given in parentheses. Compared with the default input for a burning polyurethane slab, this fire starts smaller but grows much faster, and has a higher combustion efficiency. This is not surprising, since the sofa was covered with an acrylic fabric, which causes a rapid flame-spread and has a higher heat of combustion than polyurethane.
The results of the simulation and experimental results are shown in Fig. l(a) and (b) . The two mass loss-rate curves are quite close. There is a time dinerence between the two rate of heat release curves, and this can be explained partly by the transportation time of the exhaust gases into the oxygen meter.
Simulation of the sofa burning in the room The next step in the attempts to simulate the sofa experiments was to run the Harvard programme with the room geometry used in the experiment and data for the sofa and burner described in the previous section. The complete set of input data for this run is given in Table 1 . The walls and floor are described as being only 0.04m thick because the temperature calculations for a wall in TMPWOl and for an object in TEMPO02 are less accurate when the thickness given is large compared with the depth penetrated by the thermal wave. The results from this simulation are presented in Fig. 2(a) -(c) together with experimental data. The agreement between the experiment and the simulation is fairly good, but the gradient of the upper-layer temperature and mass loss-rate tend to decrease more q~ickiy in the simulation. Oxygen-starvation occurs at 222s in the simulation. This is in aeree--ment with the visual observations of limited flaming outside the opening during the most intense phase of the
When simulating bed fires Rockett obtained temperatures much lower than in the experiment for a fastburning twin-size bed. In the simulation the fire was limited by oxygen-starvation, and after that the layer temperature increased quite slowly. This is the same behaviour as in the sofa simulation, but is much more marked because of the larger burning item.
To improve his calculations Rockett included the mixing effectr0 at the door-opening, and with this change his results moved somewhat closer to those of the experiments. Another possible change that would lead to higher temperatures is to allow the floor and lower part of the walls to heat up. In Harvard Mark V the lower surfaces and gas layer remain at ambient temperature, which causes too high a radiation loss from the upper parts and thus limits the upper-layer temperature. The sofa experiment in the room was equipped with thermocouples, giving an approximate measurement of the surface temperature of the floor. A maximum higher than 400•‹C was recorded in the experiment (Fig. 2(d) ). This high temperature indicated that in this case the heating of the lower surfaces should not be neglected.
To give a full description of the heating of the lower surfaces, both the lower wall-and lower gas-layer temperature would have to he changed into variables. A simplified way of including the heating effect is to use an extra object in floor position and use the calculated surface temperature in the sub-routines that deal with the radiation from the upper parts to the floor. This was achieved by the following changes in the programme: (5) In RNWOOZ(which calculates the net radiativeflux to an object from the ceiling and upper part of the walls) ZKAZZ was replaced by TLOW.
As a result of these changes the radiative exchange between the upper parts and the floor becomes correct if the position of the 'floor' object is chosen in such a way that (TLOW)4 is a good approximation of the average of the fourth power of the lower surface-temperature distribution. When running the modified code no attempt was made to study the effect of varying the object's position.
The convective heat loss from the lower surfaces is neglected. Hence, the lower gas layer stays at ambient temperature. The effect of this simplification was checked with the FOVER code," which is discussed below, and proved to he insignificant.
The programme with the-modifications described was run with the input data for the sofa and burner. For the 'floor' object the thermal data of the wall were used and it was positioned approximately 0.5m from one of the inner corners. The result is shown in Fig. 2 . The mass
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loss-rate and upper gas-layer temperature is now closer to theexperiment. Oxygen-starvation occurs at time 203 s.
SIMULATION OF NBS MATTRESS TEST (M01)
Very high temperatures were recorded in some of the NBS mattress tests. In the experiment designated as M01 in reference 8 a twin-size polyurethane mattress and bedding was burned in a room approximately 3.4 x 3.5 m with a 0.9 m wide door-opening. The measured temperature close to the ceiling and the result of the simulations by Rockett are shown in Fig. 3(a) . The improved simula- tion included door-mixing and a less abrupt burn-out of the fuel than in the standard growing fire.9
The importance of the heating of the lower surfaces was checked by running both the original Mark V programme and the modified one. As far as possible input data were chosen from the report by Rockett. The results of the simulations are given in Fig. 3(b) . It can be seen that the heating of the lower surfaces causes an increase in upper-layer temperature greater than that calculated for the mixing effect. The temperature curve calculated with the original code is very close to Rockett's corresponding calculation. The temperature with heating is still well below the experimental observation, but the shape of the curve with a marked gradient also during the period of oxygen-starvation is similar to the experimental result. It seems plausible that a combination of mixing and heating of the lower surfaces could produce a temperature-time curve quite close to the measured one.
FOVER is a zone model developed by Hagglund." This includes both the heating of the lower surfaces and the mixing at openings. The fire mass loss-rate and fire area as a function of time are needed as input data. There is no coupling between the fire and the fire room. The farfield plume equation suggested by Cetegen et al." is used. In this work, FOVER was introduced as a tool for checking the changes made in the Harvard code.
The FOVER programme was run with a mass loss-rate input corresponding to the calculation result of the Harvard simulation of the sofa lire including heating of the lower surfaces. The first FOVER run with no mixing resulted in an upper-layer temperature (Fig.4(a) ) approximately 150 K below the Harvard calculation. The explanation for this was that the calculated air flow was too low, resulting in an energy release limited to a large extent by the entrained air into the plume. To observe the effect of a higher entrainment rate, FOVER was run with the entrainment increased a factor of four, which gave the results in Fig. 4(b) and (c). These were in much better agreement with the Harvard simulation. The relation between the temperatures in the upper layer, ceiling and floor is about the same as in the corresponding Harvard code calculation. The conclusions drawn from this were that the attempt to include heating of the lower surfaces in the Harvard code seemed to produce realistic results and that the choice of plume equation needed some attention. The FOVER code was also run with mixing and with varied convective loss from the lower surfaces. For this single fire the effect on the upper layer temperature was < 10K.
PLUME EOUATIONS
In the Harvard code the plume is described as a cone with a virtual point source. The form of the equation is The calculated plume origin offset in this model is small compared with the offset in the Harvard plume. The effective origin may also be above the surface of the burning material. Figure 5 shows the difference between the plume models as well as the Harvard equations with varying fire radius and the Cetegen equations for a 0.7-m radius and a heat release of 1.7MW. At maximum intensity of the sofa experiment, simulation the fire was of this size and the plume height was approximately 0.5m. The entrainment in the Harvard code is almost three times the entrainment according to Cetegen, and it is much more sensitive to changes in plume height. Quintiere et Cetegen equations: far-field solution for small plume heights, r,=0.7m, Q,=1.7MW. This is used in FOVER.
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a l . '~a v e studied the effcct of room-openings on the entrainment, obtaining a two-to three-fold increase over the undisturbed values. The difference between the two plume modcls in the range studied for the sofa fire is of the same order. This means that the Cetegen model, corrected for disturbances because of the opeuing and the Harvard plume model in this particular case, gives a good approxi~nation of the entrainment. When modelling fires such as the sofa lire the height of the fire is difficult to determine. The upper limit is the top of the back at 0.75m and the lower limit is zero since some material burns on thc floor. The difference in rate of heat release between the calculations at the height of 0.4m, which was the first choice, and the height of 0 . 3~1 was approximately 5%.
CONCLUSIONS
Such a stnall number of simulations as are described in this paper cannot give very much information on the predictive capability of a computer programme. A sensitivity study of the programme and comparisons with a wide range ofexperiments is necessary to obtain a good understanding of its limitations. The Harvard code is relatively complex and the list of input variables is long. A compressive sensitivity study of this code would be a very time-consuming task.
With the limitations of this study in mind, certain conclusions can be drawn concerning the Harvard Mark V code. The most promising result obtained is that, with a of the same item in a room with reasonable precision. The big difference between a simulation without the heating effect included and experimental results indicates that the heating of the lower surfaces should not be neglected.
The quality of the simulation could be further improved by also including the mixing effect at the openings. If the fire course of an item burning in the open is known, the programme can be used to simulate how it would burn in different room environments. This possibility is useful when evaluating the fire risk of, for example, furniture in room environments, but it is, of course, limited to room sizes for which the basic assumptions of the zone modelling technique are valid.
Another way of observing the importance of a good description of the free-burning fire is to compare the rate of heat release in the open and in the room. During the first 165s there is a very small differ-ence between the simulations. At this time the calculated heat release is 1.2MW. Up to this point the fire growth in the simulation is controlled only by the fire itself. For this particular room there is no need to use a fire routine with feedback for a fire that does not reach heat-release levels above 1.0MW when burned in thc open.
The FOVER simulations revealed the effect of using different plume models. One interesting experiment would be to incorporate Cetegen's plume formula into both the I-larvard code and the FOVER programme. FOVER will probably soon he available, with this plume model as an a l t e r~~a t i v e . '~ This study has indicated that the zone models are useful as predictive tools. An improved Harvard version should probably include heating of the lower surPaces, mixing at the openings and the Cetegen plume formula. There is also a great need for an extensive sensitivity study of the code so that the importance of different input variables can be described in some detail.
